In conventional manufacturing processes of composites, Carbon Fibre Reinforced Plastic (CFRP) laminates have been made by stacking unidirectional or woven prepreg sheets. Recently, as a manufacturing process of CFRP, 3D printing of CFRP composites has been developed. The 3D printing process of CFRP composites enables us to fabricate CFRP laminates with arbitrary curvilinear fibre plies. This indicates that the optimization of the in-plane curved carbon fibre placement in a planar ply is strongly required to realize superior 3D printed composites. In the present paper, in-plane curved carbon fibre alignment of a ply with an open hole is optimized in terms of maximization of the fracture strength. For the optimization process, a genetic algorithm is adopted. To describe curved carbon fibre alignments in a planar ply, stream lines of perfect flow is employed. By using the stream lines of the perfect flow, number of optimization parameters is significantly reduced. After the optimization, the fracture strength of CFRP laminate is compared with the results of unidirectional CFRP ply. The curved fibre placement in a planar ply shows superior fracture improvement.
Introduction
Carbon Fibre Reinforced Polymer (CFRP) composites are applied in aerospace and automobile industry because of the high specific strength and the high specific modulus of Conventional CFRP laminates are manufactured by stacking prepreg plies. The optimizations of the stacking sequence of the CFRP laminates are, therefore, the most important issue for the conventional CFRP laminates. Many researchers have proposed the stacking sequence optimization methods [1] - [8] . In these researches, each ply has straight unidirectional fibre and the stacking sequences of the fibre angles of the target laminate are the optimization results in these papers.
Recently, a brand new manufacturing method of 3D printed CFRP composites has been developed [9] - [13] . The 3D printed CFRP composite method gives us a new chance to extend design freedom of fibre placement by using curved lines in a ply and the fibre direction is not limited to unidirectional in a ply. It enables us to place carbon fibre as shown in Figure 1 , by controlling movement of a 3D printer head.
To make distributed different fibre angles in a ply, researches [14] - [16] have used divided FEM mesh of the optimization target domain and they selected fibre angles or stacking sequences for the each divided FEM mesh. In the optimization methods, fibre angles or stacking sequences are given to each divided FEM mesh. This brings discrete fibre angles in each mesh and large discrepancy of fibre angles between the adjacent meshes or nodes. To manufacture the CFRP composites, continuous fibre placement is required for the 3D printed CFRP composites, and the fibre bundles must not have an intersection. This indicates that a new optimization method using continuous fibre placement without an intersection is indispensable.
In the present study, therefore, continuous curved carbon fibre placement in a ply is 
Optimization Problem
The optimization target domain is an open-hole-single-ply plate as shown in Figure 2 .
The longitudinal direction of the specimen is aligned to the x-axis and is defined as the 0˚ fibre angle. The single ply plate is subjected to tensile load in the longitudinal direction. As a tensile load, tensile stress of 400 MPa is applied to the both edges. Mechanical properties of CFRP and matrix used in present study are shown in Table 1 and Table 2 [17]- [19] . The optimization target specimen is divided into FEM mesh as shown in Figure 3 . The total number of elements is 5440, and the total number of nodes is 16,720. In the present study, fracture of each element is judged by using Tsai-Wu fracture criteria as follows. 
where S 1 is stress in carbon fibre direction, S 2 is stress in transverse direction to the carbon fibre, t 12 is shearing stress, F Lt is tensile strength in carbon fibre direction, F Lc is compressive strength in carbon fibre direction, F Tt tensile strength in transverse to carbon fibre direction, F Tc is compressive strength in transverse to carbon fibre direction, F LT is shearing strength. Fracture of the each element is judged when the Tsai-Wu fracture index λ exceeds 1.
The objective function of the present study is to minimize the maximum value of the Tsai-Wu fracture index λ.
Two types of fibre placement optimizations are conducted in the present study:
non-symmetric and symmetric as shown in Figure 4 and Figure 5 respectively To draw the stream lines, sources, sinks and vortexes that are usually used to express perfect fluid flow, are employed in both types of the optimizations. The non-symmetric optimization shown in Figure 4 consist of two source points (blue dots), two sink points (red dots), ten fibre vortexes (green dots), and a column (yellow dot). The symmetrical optimization, as shown in Figure 5 , is consist of two source points, two sink points, four fibre vortexes, and a column. The number of these elements is decided by a trial and error method. these fibre placement of the extremely large curvature. To remove these large curvature points, the property of the matrix is given to the elements where the element center locates within the distance of 10mm from the center of the fibre vortex. This means the fibre bundle is not placed at the element. The gray circle shown in Figure 7 represents the area of 10mm distance from a fibre vortex.
Optimization Method
The objective function of the present study is to maximize fracture stress, which is equal to the minimization of the maximum value of the Tsai-Wu fracture index. For the optimization process, a well-known genetic algorithm is employed. The design variables are shown in Table 3 and Table 4 . The maximum limit values and the minimum limit values of the design parameters are also shown in both of the table.
In the present study, a MATLAB Genetic Algorithm (GA) optimization toolbox is used for the optimizations. As a first procedure of the GA, the initial individuals are made by Latin Hypercube Sampling. For example, in the case of the non-symmetric optimization, each individual has 34 variables that satisfy the maximum limit and the minimum limit value requirements shown in Table 3 . In the case of the symmetric optimization, each individual has 6 variables that satisfy the maximum limit and the minimum limit value requirements shown in Table 4 , the GA process is terminated. The parameters of the GA in the present study are shown in Table 5 . Table 4 . Optimization parameters of symmetric flow field. Table 5 . GA parameters used for the present study.
Number of the population in one generation 200
Maximum generation 250
Initial population selection style Latin Hypercube Sampling
Selection style Roulette selection
Cross over style Uniform cross over
Number of cross over 152
Number of mutation 38
Number of elite preservation 10
Results and Discussion
Before the optimization of the fibre placement, an optimization of the fibre angle of unidirectional ply of the specimen shown in Figure 2 is performed. The obtained result
shows that the 0˚ unidirectional ply shown in Figure 8 has the minimum Tsai-Wu fracture index compared to the other fibre angles. The highest fracture index of the 0˚ Obtained optimized fibre placement of the non-symmetric type is shown in Figure 9 and that of the symmetric type is shown in Figure 10 . As shown in Figure 9 , fibre stream lines are largely affected by fibre vortexes locate inside of the specimen area.
Some of the fibre vortexes locate out of laminate as shown in the bottom of Figure 9 .
These vortexes locate out of the specimen area have smaller effect on the fibre stream lines. Tsai-Wu index value contour of each optimized result is shown in Figure 11 . Although there is slight difference of the Tsai-Wu index values between the nonsymmetric specimen and symmetric specimen, the difference is very small. As the Tsai-Wu index value is calculated using the approximation of the fiber direction of each 
Conclusion
In the present paper, a new optimization method to provide continuous curved fibre placement without inter-section of fibre bundles in a ply is proposed for the 3D printed continuous fibre composites. The new method adopts stream lines of perfect fluid using sources, sinks and vortexes. The method automatically provides curved fibre lines without an intersection, which is indispensable for actual processing of 3D printed composites. The optimization method is applied to an open-hole single ply under tensile stress and the fracture stress of the ply is maximized by changing fibre placement.
As a result, the fracture stress increases up to 173% compared with the unidirectional ply. This indicates that there is possibility to increase composite performance by changing fibre placement in a ply.
